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Fibonacci or bifocal terahertz (THz) imaging is 
demonstrated experimentally employing silicon 
diffractive zone plate (SDZP) in a continuous wave mode. 
Images simultaneously recorded in two different planes 
are exhibited at 0.6 THz frequency with the spatial 
resolution of wavelength. Multi-focus imaging operation 
of the Fibonacci lens is compared with a performance of 
the conventional silicon phase zone plate. Spatial profiles 
and focal depth features are discussed varying the 
frequency from 0.3 THz to 0.6 THz. Good agreement 
between experimental results and simulation data is 
revealed. 
OCIS codes: (050.1380) Binary optics, (050.1965) Diffractive lenses, 
(050.5080) Phase shift, (050.6875) Three-dimensional fabrication, 
(080.3630) Lenses, (080.3620) Lens system design, (110.6795) Terahertz 
imaging.  
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Terahertz (THz) imaging and spectroscopy displays an attractive 
feature to expose new possibilities and wide-ranging potential in 
many versatile applications. Already known implementations 
covering security [1,2], package inspection [3], biomedicine 
diagnostics [4,5] and food control [6] recently have been extended 
by promising studies in investigating 2D materials [7,8], surface 
control [9] and paintings examination [10,11]. From practical point 
of view, design of a THz imaging system should be compact, free of 
optical alignment, reliable and providing an ability of relatively 
rapid scans. Moreover, significant preference could be not only to 
record a structure of the sample, but, via determination of 
spectroscopic features, identify the object and, if possible, to 
reconstruct its three-dimensional image. Interesting and elegant 
approach to combine advantages of compact diffractive optics with 
benefits of tomographic imaging was given in [12,13]. Employing 
terahertz time-domain spectroscopy (THz-TDS) and unique 
feature of Fresnel lens which focal length is linearly proportional to 
the frequency, tomographic images of a target using multiple 
frequencies were recorded [14]. In other words, operating in a 
pulsed mode and utilising a Fresnel lens at different frequencies of 
the imaging beam allows objects reconstruction at various 
positions along the beam propagation path onto the same imaging 
plane. 
 
In this paper, we convert the aforementioned concept into the 
continuous wave and discrete frequency operation mode via 
engagement of Fibonacci diffractive lenses [15]. In contrast to 
recently presented 3D printed diffractive terahertz lenses [16], we 
demonstrate design, operation and high-resolution imaging of 
silicon-based Fibonacci lens for 0.6 THz frequency. It was 
fabricated on a monocrystalline silicon wafer using laser 
patterning earlier employed to produce multilevel phase Fresnel 
lenses of high efficiency [17]. The focusing performance was 
investigated theoretically and experimentally by measuring spatial 
profiles, the distance between the foci and focal depth at 0.3 THz 
and 0.6 THz. The ability to perform simultaneous imaging with the 
wavelength resolution of two planes separated by 7 mm distance 
was experimentally revealed. The multifocal imaging results were 
compared with the performance of the phase zone plate designed 
of the same diameter and material. 
The Fibonacci lens design relies on Fibonacci sequence principle 
when the next number of the sequence is obtained adding up the 
two preceding ones. Based on the Fibonacci numbers, a binary 
 
Fig. 1. The normalized electric field ratio E/E0 distribution in x and 
z directions before and after the Fibonacci diffractive zone plate at 
0.6 THz frequency. Data are obtained using 3D Finite-difference 
time-domain (FDTD) simulations at the depicted coordinate axes, 
electric and magnetic field orientations. Z axis shows the THz beam 
propagation direction. Note that the distribution of the electric field 
exhibits extended focusing performance at a several points along 
the beam propagation path. 
 Fig. 4. Normalized THz radiation power distribution along z-axis 
(a) and along x-axis at the 1st and 2nd focus (b) measured for 
0.6 THz frequency radiation. The unfocused relatively scaled 
0.6 THz radiation profile is depicted for comparison. The THz 
power distribution for 0.3 THz is depicted along z-axis (c) and x-
axis (d) where it is compared with the distribution along x-axis for 
0.6 THz measured at the 1st focus. Red solid lines in panels (a) and 
(c) are the results of simulation using 3D FDTD method. 
 
 
aperiodic Fibonacci structure can be composed indicating that 
each element of the sequence is found as the concatenation of the 
two previous elements. As a result, non-uniform mapping of this 
structure provides the radial profile of the Fibonacci lens [15]. 
In our approach, silicon, which served as a highly efficient 
material for multilevel phase Fresnel lenses [17], was chosen for 
the Fibonacci (bifocal) lens production. Initially, theoretical 
modelling of the electric field distribution in a space after the 
bifocal diffractive silicon zone plate was performed by using three-
dimensional finite-difference time-domain (3D FDTD) method. 
The spatial resolution was set-up from 0.01 mm to 0.115 mm. To 
simplify the simulation, symmetry conditions of the structure were 
applied, and the absorbing boundary conditions were set in all the 
directions. The normalised electric field was recorded in the whole 
simulation volume. Illustrative simulation results for the volume of 
22×22×15 mm3 in x, y, z directions are presented in Fig. 1. A source 
of a multi-frequency plane wave, transparent to the reflected wave, 
was specified in the front of the zone plate plane (grey semi-
transparent rectangle in Fig. 1). The predicted focusing 
performance of the Fibonacci lens is demonstrated in Fig. 1. As one 
can see the distribution of the electric field exhibits extended 
focusing performance at several points along the beam 
propagation with maximal intensity in the two separate focal spots 
of the lens. Note that the peak of the first amplitude in the z-
direction is higher than the second one. Hence, such a lens can be a 
reasonable instrument to enable a bifocal regime of operation and 
provide, therefore, an option to record simultaneously images of 
objects placed at the different foci. 
One can underline that the focusing picture is colored by a 
pattern of standing waves observed in reflection due to the 
incident and reflected plane wave interference. 
According to the simulation results, the design of the silicon 
Fibonacci lens was developed. The focusing element was 
fabricated using laser ablation technology based on industrial-
scale laser-direct-write (LDW) system based on a 1064 nm 
wavelength, a 13 ps pulse, 1 MHz repetition rate, and a 60 μJ peak 
energy laser (Atlantic 60 from Ekspla Ltd.) in conditions described 
precisely in [17]. Sample with outside diameter of 24 mm and two 
foci separated by a defined distance of 7 mm was fabricated on 
monocrystalline silicon (orientation (110), with resistance 0.01-
1 Mcm and refractive index 3.46. The SEM images of the lens are 
shown in Fig. 2. The step-profile scanned across the center of the 
sample and enlarged zones of the ablated rings are displayed in 
Fig. 2(b-e). It is seen that the ablated grooves near the center and 
near the edge of the diffractive element are ablated to the depth of 
100 µm. 
 
Fig. 3. Experimental demonstration of 0.6 THz radiation beam 
profiles focusing evolution along the beam propagation path. The 
cross-sections represent the beam alternation in focal plane 
direction. The distance between cross-sections - 1 mm. 2D images 
consist of 66 x 67 pixels. Pixel size 0.1 x 0.1 mm2. The dashed line 
represents the cross-section position in xz plane. Upper panel depicts 
part of the experimental set-up to record Fibonacci imaging. 
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Fig. 2. (a) SEM images of the 0.6 THz Fibonacci (bifocal) silicon 
diffractive zone plate with the focal distances of f = 7 mm and 
13 mm; (b) the cross-section profile of ablated grooves in silicon 
surface; (c) and (d) zoomed area of outer and center rings, 
respectively; (e) displays the junction between the ablated and 
polished silicon surface. 
 
 Fig. 6. THz images at two planes, separated by 7 mm spacer 
obtained simultaneous recording at 0.6 THz. Photos of the 
sample (a). THz images at 0.6 THz obtained using conventional 
zone plate: image focused on the 1st plane (b) and focused on the 
2nd plane (c). Images obtained using bifocal zone plate: optimal 
image taken by moving the sample along z-axis to achieve the best 
contrast in both sample planes (d) and image taken at the highest 
contrast in the 2nd plane contrast (e). Positions of signal amplitudes 
used for SNR calculations are represented as white lines with dots. 
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The focusing performance of the bifocal silicon diffractive zone 
plate was investigated by measuring Gaussian beam intensity 
distribution in the focal plane and along the optical axis at the 
0.3 THz and 0.6 THz frequencies. Experimental demonstration of 
the focusing was evidenced using the experimental setup 
described in [17]. The radiation was collimated by 12 cm focal 
length high-density polyethylene (HDPE) lens and registered with 
resonant THz antenna-coupled micro-bolometer detector [4]. The 
intensity of THz radiation distribution along the beam propagation 
direction and cross-sections at z-direction with a step of 1 mm was 
measured. The results of the focusing performance are presented 
in Fig. 3. It is seen that two clearly distinguished focal spots are 
observed at different distances, 6 mm and 13 mm, from the 
Fibonacci focusing element. These foci are located at certain axial 
positions determined by the Fibonacci numbers [15]. It is worth 
noting that noticeable Airy disks are pronounced between the first 
and second focal spots.  
Aiming to prove that indeed the observed foci are related to the 
Fibonacci lens performance, the cross-section of the measured 
profiles and simulated focusing operation was compared (Fig. 4.) 
The distribution of THz radiation power for 0.6 THz along the z-
axis is depicted in panels (a), (b) and (d). For more illustrative 
comparison, additionally, the data obtained at 0.3 THz (panel (c)) 
are presented as well. It is evident that two well-resolved foci can 
be identified at 6.7 and 13.4 mm away from the Fibonacci lens 
surface when illuminating the lens with the 0.6 THz frequency 
radiation. One can note that experimental data fit well with the 
simulated results. Moreover, the first maximum along the z-axis is 
narrower than the second one which is also in accordance with the 
simulated data obtained by FDTD. The beam profile in the x-
direction exhibits similar features: the first focus is also narrower 
than the second one with the corresponding full-width half-
maximum (FWHM) values of 0.46 and 0.55 mm, respectively. Note 
that the FWHM of the unfocused Gaussian beam before the 
Fibonacci lens reaches 8.55 mm, and the signal amplitude is nearly 
two orders of magnitude lower as it can be nicely seen in Fig 4 (b).  
To get a more expressive picture via comparison, the radiation 
frequency was detuned to 0.3 THz, then both focusing operation 
and profile features were evaluated and compared with that at 
0.6 THz. It is seen from Fig. 4(c) that experimental results precisely 
follows the simulation data: the second focus becomes smooth and 
demonstrates a trend to disappear, while the 1st one experiences 
no significant change. If one looks from the profile point of view, in 
the x-axis direction, the signal amplitude at 0.3 THz is in a factor of 
2 higher than that at 0.6 THz at the first focus as it is compared in 
Fig. 4 (d). The FWHM along the x-axis for 0.3 THz radiation is 
0.76 mm, while for 0.6 THz it amounts to 0.46 mm.  
As the bifocal operation is clearly resolved, one needs to 
evaluate its spatial resolution and demonstrate the THz Fibonacci 
imaging. Spatial resolution was investigated using specially 
constructed resolution target consisting of periodic metallic stripes 
(photo depicted in Fig. 5 (a)) with different distances in between. 
As one can see, the smallest period of stripes which was clearly 
resolved in both foci is 0.8 mm, i. e. it amounts to 1.6 factor of 
wavelength, 1.6×λ. Therefore, reasonable spatial resolution can be 
expected and excellent quality in recording THz images in both 
focal planes simultaneously. 
For the Fibonacci imaging aims a special sample was 
constructed. It is based on a plastic frame of 7 mm thickness to fit 
 
Fig. 5. Photo (a) of the resolution target with indications of the 
period in mm scale. Dashed line indicates measuring place to 
determine cross section; (b) – cross section of the THz beam profile 
along the x-axis at y=22 mm, data lines shifted by a factor of 0.5 for 
convenience of illustration. THz images of resolution target at 
0.6 THz: (c) panel presents image at 6.6 mm away from the 
Fibonacci lens (the first focus plane) while (d) shows – at 13.3 mm 
(the second focus plane). 
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the distance between both foci as is illustrated in (Fig. 4 (a)). The 
frame was then covered with a sticky tape from both sides 
enabling thus, on the one hand, transparency for THz light and 
ability to record images in transmission geometry, on the other 
hand, to realise two planes for attachment of the objects under test. 
To get broader illustration different objects were chosen 
(Fig. 6 (a)). The sample’s 1st plane was composed of “FTMC” – 
Lithuanian abbreviation of the Center for Physical Sciences and 
Technology – written in pencil on the office paper, resistor with 0.5 
mm width leads, SMD 1206 resistor, 4.6 mm width washer, 4 mm 
width nut, 6.7 mm width washer. The sample’s 2nd plane consists 
of SMD 1206 resistor, 4.6 mm width washer, 0.5 mm width pin, 
1.27 mm pin pitch SOIC package, resistor with 0.5 mm width leads, 
6.7 mm width washer.  Terahertz imaging results obtained using 
various diffractive optics elements are shown in Fig. 6, panels (b-e). 
Each image was acquired in 500 s time and consists of 
400 x 250 pixels with 0.3 mm pitch. 
Initially, the conventional diffractive silicon phase zone plate, 
SDZP,  [17] with the focal distance of 10 mm was investigated, and 
relevant images were recorded. THz images at 0.6 THz are 
displayed in panels (b) and (c) of Fig. 6. Results show that using 
SDZP the THz images of good quality (signal-to-noise ratio, S/N, is 
more than 800) can be recorded aligning imaging to relevant foci. 
It is clearly seen from Fig. 6(b), when the focus is tuned to the first 
plane, it enables to image objects in the first plane, even pencil 
written letters “FTMC” – are evidently resolved. However, the 
image quality of the objects placed in the second plane is not 
tolerable – images are blurred, S/N ratio is in the range of 40. 
Similar picture was obtained with the tuning to the second plane – 
in that case objects placed in the second plane can be plainly 
distinguished (S/N ratio is in the order of  900), but the THz image 
quality in the first plane is strongly decreased, especially it can be 
seen that the letters “FTMC” are hardly to be resolved. (Fig. 6(c)). 
Therefore, the conventional phase zone plate is not suitable for 
simultaneous THz imaging in both planes. 
In contrast, in bifocal zone plate case, the image was recorded 
collecting the THz light from both foci in a single scan. Results are 
depicted in Fig. 6 (d). Since both planes are in focus now, all the 
objects placed in both planes as well as pencil written letters 
“FTMC” are clearly resolved. S/N ratio in the first and the second 
foci is respectively in the order of 1500 and 300. 
It is interesting to compare operation of both diffractive 
components – conventional SDZP and the Fibonacci lens. To set 
the same recording conditions, the imaging system was tuned for 
THz radiation collection just from the 2nd focus of bifocal zone 
plate in order to compare the resolution with the conventional 
SDZP. The obtained image is shown in Fig. 6 (e). If compare it with 
the image given in Fig. 6 (c), one can see that second sample plane 
spatial resolution is comparable to conventional zone plate image, 
while the image resolution in the first plane is strongly decreased. 
It let to conclude that two plane THz imaging can be performed 
using Fibonacci (bifocal zone) plate reaching simultaneously 
wavelength resolution in both foci. 
To conclude, the silicon-based Fibonacci (bifocal) diffractive 
zone plate for 0.6 THz frequency has been developed, and its 
employment for bifocal THz imaging with the wavelength 
resolution was demonstrated. It not only enriched a family bifocal 
focusing elements like bifocal zoom lenses using plasmonic 
metasurfaces [18], fractal zone planes with reduced aberration in 
visible range [19], plates based on generalized m-bonacci 
sequence [20], but also extended routes to manipulate with THz 
beam [21] in continuous wave mode using diffractive optics 
components providing thus an additional tool for further 
development of compact and alignment-free THz imaging systems. 
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